Cysteine is the most intrinsically nucleophilic amino acid in proteins, where its reactivity is tuned to perform diverse biochemical functions. The absence of a consensus sequence that defines functional cysteines in proteins has hindered their discovery and characterization. Here we describe a proteomics method to profile quantitatively the intrinsic reactivity of cysteine residues en masse directly in native biological systems. Hyper-reactivity was a rare feature among cysteines and it was found to specify a wide range of activities, including nucleophilic and reductive catalysis and sites of oxidative modification. Hyper-reactive cysteines were identified in several proteins of uncharacterized function, including a residue conserved across eukaryotic phylogeny that we show is required for yeast viability and is involved in iron-sulphur protein biogenesis. We also demonstrate that quantitative reactivity profiling can form the basis for screening and functional assignment of cysteines in computationally designed proteins, where it discriminated catalytically active from inactive cysteine hydrolase designs.
Cysteine is the most intrinsically nucleophilic amino acid in proteins, where its reactivity is tuned to perform diverse biochemical functions. The absence of a consensus sequence that defines functional cysteines in proteins has hindered their discovery and characterization. Here we describe a proteomics method to profile quantitatively the intrinsic reactivity of cysteine residues en masse directly in native biological systems. Hyper-reactivity was a rare feature among cysteines and it was found to specify a wide range of activities, including nucleophilic and reductive catalysis and sites of oxidative modification. Hyper-reactive cysteines were identified in several proteins of uncharacterized function, including a residue conserved across eukaryotic phylogeny that we show is required for yeast viability and is involved in iron-sulphur protein biogenesis. We also demonstrate that quantitative reactivity profiling can form the basis for screening and functional assignment of cysteines in computationally designed proteins, where it discriminated catalytically active from inactive cysteine hydrolase designs.
Large-scale scientific endeavours such as genome sequencing and structural genomics are providing a wealth of new information on the full complement of proteins present in eukaryotic and prokaryotic organisms. Many of these proteins, however, remain partly or completely unannotated with respect to their biochemical activities 1 . New methods are therefore needed to characterize protein function on a global scale. Much effort is currently devoted to the characterization of post-translational modification events because these covalent adducts can have profound and dynamic effects on protein activity 2 . Another frequently overlooked parameter that defines functional 'hotspots' in the proteome is amino acid side-chain reactivity, which can vary by several orders of magnitude for a given residue depending on local protein microenvironment. Methods to measure side-chain reactivity en masse directly in complex biological systems have not yet been described, and as such, the reactive landscape of the proteome remains largely unexplored.
Among the protein-coding amino acids, cysteine is unique owing to its intrinsically high nucleophilicity and sensitivity to oxidative modification. The pK a of the free cysteine thiol is between 8 and 9, meaning that only slight perturbations in the local protein microenvironment can result in ionized thiolate groups with enhanced reactivity at physiological pH 3 . Diverse families of enzymes use cysteine-dependent chemical transformations, including proteases, oxidoreductases and acyltransferases 4 . In addition to its role in catalysis, cysteine is subject to several forms of oxidative post-translational modification, including sulphenation (SOH), sulphination (SO 2 H), nitrosylation (SNO), disulphide formation and glutathionylation, which endow it with the ability to serve as a regulatory switch on proteins that is responsive to the cellular redox state 5 .
Functional cysteines, regardless of whether they are catalytic residues or sites of post-translational modification, do not conform to a canonical sequence motif, which complicates their systematic identification and characterization. pK a measurements can identify cysteine residues with heightened nucleophilicity (or 'hyper-reactive' cysteines 6, 7 ) , but this requires purified protein and detailed kinetic and mutagenic experiments 7, 8 that cannot be performed on a proteome-wide scale. Additional methods have been introduced to computationally predict redox-active cysteines 9 , identify cysteines with specific modifications [10] [11] [12] [13] [14] , and qualitatively inventory electrophile-modified cysteines in proteomes [15] [16] [17] [18] . Some of these studies have provided suggestive evidence that nucleophilic cysteines may possess a variety of important functions [14] [15] [16] [17] [18] , although the non-quantitative methods used in each case precluded a robust and systematic evaluation of this potential relationship. We adopted a different strategy to globally characterize cysteine functionality in proteomes based on quantitative reactivity profiling with isotopically labelled, small-molecule electrophiles.
Quantifying cysteine reactivity in proteomes
Our approach, termed isoTOP-ABPP (isotopic tandem orthogonal proteolysis-activity-based protein profiling), has four features to enable quantitative analysis of native cysteine reactivity ( Fig. 1a) : (1) an electrophilic iodoacetamide (IA) probe, to label cysteine residues in proteins, that also has (2) an alkyne handle for 'click chemistry' conjugation of probe-labelled proteins 19 to (3) an azide-functionalized TEV-protease recognition peptide containing a biotin group for streptavidin enrichment of probe-labelled proteins 20 , and (4) an isotopically labelled valine for quantitative mass spectrometry (MS) measurements of IA-labelled peptides across multiple proteomes ( Supplementary  Fig. 1 ). After tandem on-bead proteolytic digestions with trypsin and TEV protease 15, 20 , probe-labelled peptides attached to isotopic tags are released and analysed by liquid-chromatography-highresolution MS to identify IA-modified cysteines and quantify their extent of labelling based on MS2 and MS1 profiles, respectively. An isoTOP-ABPP ratio, R, is generated for each identified cysteine that reflects the difference in signal intensity between light and heavy tagconjugated proteomes.
We first verified the accuracy of isoTOP-ABPP by labelling varying amounts of a mouse liver proteome (13, 23, 43) with the IA probe followed by click chemistry conjugation with either the heavy or light variants of the azide-TEV-biotin tag. The observed signals for labelled cysteines closely matched the expected proteome ratios (R 1:1 < 1, R 2:1 < 2, or R 4:1 < 4, respectively; Supplementary Fig. 2) . A representative MS/MS profile of an IA-labelled peptide from our proteomic experiments is provided in Supplementary Fig. 3 .
In contrast to traditional cysteine-alkylating protocols for proteomics that use millimolar concentrations of IA to stoichiometrically modify all cysteines in denatured proteins 21 , we proposed that, by applying low (micromolar) concentrations of the IA probe to native proteomes, differences in the extent of alkylation would reflect differences in cysteine reactivity, rather than abundance. This hypothesis predicts that the reactivity of cysteines can be measured on a proteomewide scale in isoTOP-ABPP experiments that compare low versus high concentrations of IA probe, where hyper-reactive cysteines would be expected to label to completion at low probe concentrations (generating isoTOP-ABPP ratios with R [high]:[low] < 1) and less reactive cysteines should show concentration-dependent increases in IA-probe labelling (generating isoTOP-ABPP ratios with R [high]:[low] ? 1) ( Supplementary Fig. 4 ). We tested this idea by performing four parallel isoTOP-ABPP experiments with the soluble proteome of the human breast cancer cell line MCF7 using pair-wise IA-probe concentrations of 10:10 mM, 20:10 mM, 50:10 mM and 100:10 mM (light:heavy). More than 800 probe-labelled cysteines were identified on 522 proteins, the vast majority of which exhibited escalating isoTOP-ABPP ratios ( Fig. 1b ) expected for reactions that did not reach completion over the tested probe concentration range. In contrast, a small subset of cysteines (,10%) showed nearly identical ratios at all probe concentrations tested (R 1:1 < R 2:1 < R 5:1 < R 10:1 < 1, Fig. 1b , shaded blue box). An expanded analysis of multiple human cancer line (Supplementary Fig. 5 and Supplementary Table 1 ) and mouse tissue (Supplementary Fig. 6 and Supplementary Table 2 ) proteomes treated with low (10 mM) and high (100 mM) IA-probe concentrations revealed consistent isoTOP-ABPP ratios for individual cysteine residues, indicating that the propensity of a cysteine to display high IA reactivity is an intrinsic property of the residue (and presumably its local protein environment), and not, in general, contingent on features specific to a particular cell or tissue. Additionally, isoTOP-ABPP ratios showed no correlation with either protein abundance or peptide ion intensity ( Supplementary Fig. 7 ), indicating that they were independent of potential MS-based ionization sources for saturation. Finally, we confirmed that similar isoTOP-ABPP ratios were obtained for cysteines in reactions where time rather than the concentration of probe was varied ( Supplementary Fig. 8 and Supplementary Table 3 ), confirming that low isoTOP-ABPP ratios reflect rapid reaction kinetics (hyper-reactivity), rather than saturable binding interactions (see Supplementary Discussion ).
Hyper-reactivity predicts cysteine functionality
We next sought to assess the functional ramifications of the special subset of cysteines that showed hyper-reactivity in isoTOP-ABPP experiments. We first noted that multiple sites of IA-probe labelling on the same protein often showed markedly different isoTOP-ABPP ratios. For example, the glutathione S-transferase GSTO1 was labelled on four cysteine residues, three of which showed high ratios (C90, C192 and C237 had ratios of R 10:1 5 5.6, 7, and 5.4, respectively), whereas the fourth (C32) showed a low ratio of R 10:1 5 0.9 ( Fig. 2a ). Interestingly, C32 is the active-site nucleophile of GSTO1 (ref. 22 ). Acetyl-CoA acetyltransferase-1 (ACAT1) was also labelled on four cysteines and three showed high ratios (C119, C196 and C413 showed ratios of R 10:1 5 8.8, 8.2 and 4, respectively), whereas the fourth, the active site nucleophile C126 (ref. 23 ), yielded a low ratio of R 10:1 5 1.1 (Fig. 2a ).
The aforementioned findings indicated that heightened IA reactivity might be a good predictor of cysteine functionality in proteins. To examine this premise more systematically, we queried the Universal Protein Resource (UniProt) database to retrieve functional annotations for the 1,082 cysteine residues labelled by the IA probe. This analysis revealed that the most hyper-reactive cysteines were remarkably enriched in functional residues, with 35% of the cysteines with R 10:1 , 2 being annotated as active-site nucleophiles or redox-active disulphides compared to 0.2% for all cysteine residues in the UniProt database ( Fig. 2b , c, Supplementary Fig. 9 and Supplementary Tables 4  and 5 ). Hyper-reactive cysteines were also, as a group, more conserved across eukaryotic evolution ( Supplementary Fig. 10 ). A broader survey of hyper-reactive cysteines identified several that have been ascribed functional properties in the literature despite lacking annotation in UniProt ( Supplementary Fig. 11 ). For example, a single hyper-reactive cysteine C108 (R 10:1 5 1.0) was identified in the uncharacterized protein D15Wsu75e. This protein and its orthologues are predicted Supplementary Table 7 .
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to be cysteine proteases based on conservation of a prototypical Cys-His catalytic dyad 24 . Interestingly, C108 corresponds to the putative cysteine nucleophile of this catalytic motif and a recent crystal structure confirms the proximity of C108 to a conserved histidine (H38) ( Supplementary Fig. 12 ). Thus, quantitative reactivity profiling supports structural predictions that D15Wsu75e is a functional cysteine protease.
Hyper-reactive cysteines also corresponded to sites for posttranslational modification. For instance, C101 (R 10:1 5 1.92) in the protein arginine methyltransferase PRMT1 has been identified as a site of modification by the endogenous oxidative product 4-hydroxy-2-nonenal (HNE) 25 . This cysteine, although nonessential for catalytic function, is an active site residue that makes direct contact with the S-adenosylmethionine cofactor 26 (Fig. 3a) . Interestingly, we found that HNE inhibited both the IA-labelling ( Fig. 3b ) and catalytic activity ( Fig. 3c ) of wild-type PRMT1. A C101A mutant of PRMT1 showed substantially reduced IA-labelling ( Fig. 3b ) and HNE sensitivity ( Fig. 3c ). These data indicate that PRMT1 may be regulated by oxidative stress pathways through selective HNE modification of its hyperreactive, active-site C101 residue. Additional hyper-reactive cysteines represented sites for glutathionylation 27 (CLIC1 (C24), CLIC3 (C25) and CLIC4 (C35); R 10:1 5 2.02, 1.07 and 1.45, respectively) and nitrosylation 28 (RTN3; C42, R 10:1 5 0.78). These data, taken together, indicate that heightened reactivity is not only a feature of catalytic cysteines, but also of 'non-catalytic', active-site cysteines, as well as those that undergo various forms of oxidative modification.
Function of the hyper-reactive cysteine in FAM96B
Intrigued by the diverse functional properties showed by hyper-reactive cysteines, we reasoned that critical activities might be inferred for such residues in hitherto uncharacterized proteins. A survey of the cysteines displaying low isoTOP-ABPP ratios uncovered the highly conserved C93 (R 10:1 5 1.15) in the uncharacterized protein FAM96B (Supplementary Fig. 13 ). FAM96B has close orthologues in many organisms including the YHR122W protein from the budding yeast Saccharomyces cerevisiae, which shows 52% identity with human FAM96B, including conservation of C93 (the corresponding residue in YHR122W is C161). The gene encoding YHR122W is essential for yeast viability 29 , and we found that expression of wild-type YHR122W, but not the C161A mutant of YHR122W could rescue a yeast strain in which the YHR122W gene was conditionally suppressed ( Fig. 4a Supplementary Fig. 14) . These data confirm the importance of C161 for the in vivo function of YHR122W and, by extension, other members of the FAM96B family.
We also observed that expression of the C161A mutant of YHR122W caused a severe growth defect in non-suppressive media indicative of a dominant-negative phenotype (Fig. 4a and Supplementary Fig. 14) . This result indicates that the YHR122W protein may engage in protein complexes that are sequestered by the C161A mutant, thereby disrupting the activity of the wild-type protein.
Consistent with this premise, queries of the Saccharomyces genome databank (SGD) revealed that YHR122W has been found in several large-scale protein interaction studies to bind to proteins involved in cytosolic iron-sulphur (FeS) cluster assembly, namely Nar1 and Cia1 (ref. 30 ; Fig. 4b ). We found that the activity of the FeS-client protein isopropylmalate isomerase (Leu1) 31 was markedly reduced in YHR122W-deleted yeast, and this reduction was substantially rescued by expression of the wild-type YHR122W protein (Fig. 4c) . These data support a role for the YHR122W/FAM96B protein in FeS-protein biogenesis. We also note that reactive cysteines seem to be a common feature of proteins in the FeS-protein assembly complex, including the human orthologues of Nar1, Met18 and Cfd1 (NARF, MMS19 and NUBP2, respectively) (R 10:1 5 0.91, 2.2 and 2.9 respectively) (Supplementary Fig. 11 ), where they may assist in the transfer of assembled FeS clusters to client proteins 32 .
Predicting functional cysteines in designed proteins
The marked correlation between cysteine hyper-reactivity and functionality observed in native proteomes led us to ask whether this relationship would extend to de novo designed proteins. We compared the IA labelling of twelve proteins that were computationally designed to act as cysteine hydrolases. These proteins originated from structurally distinct scaffolds and were all designed to contain cysteine-histidine dyads within an active site cavity (see Supplementary Methods for more details). Two of the designed proteins, ECH13 and ECH19, showed significant hydrolytic activity using a fluorogenic ester substrate, whereas the other ten designs were inactive ( Fig. 5a and Supplementary Fig. 15a ).
We first evaluated IA labelling of protein designs using a clickable, fluorescent reporter tag and SDS-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, where similar amounts of each protein were tested in a homogeneous background proteome representing a mix of Escherichia coli and human (MCF7 cell line) proteins. The two active protein designs ECH13 and ECH19 showed strong IA-labelling signals compared to inactive designs (Fig. 5a) , and, in both cases, mutation of the active-site cysteine to alanine abolished labelling ( Fig. 5b ) and hydrolytic activity (data not shown). We next combined the proteomes containing all twelve protein designs, diluted them into a background human cell proteome, and analysed the mixture by isoTOP-ABPP. Notably, both ECH13 and ECH19 showed isoTOP-ABPP ratios that were equivalent to the most hyper-reactive cysteines in human and E. coli proteomes (R 10:1 5 0.92 and 1.27, respectively), whereas the remaining inactive protein designs all showed higher ratios ranging from 1.88-6.11 ( Fig. 5c and Supplementary Fig. 15b, c) . These data thus reveal a strong correlation between cysteine hyper-reactivity and hydrolytic activity across a diverse panel of protein designs and designate heightened cysteine nucleophilicity as a key feature of successful cysteine hydrolase designs.
Conclusions
Here, we have described a quantitative method to profile the intrinsic reactivity of cysteine residues in native proteomes. Measurement of the rate of alkylation by IA (or other carbon electrophiles) has been used by enzymologists to assess the nucleophilicity of cysteine residues in individual, purified proteins 6 . With isoTOP-ABPP, these studies can now be extended to quantitative, proteome-wide surveys of cysteine reactivity in complex biological systems. A key advantage of isoTOP-ABPP over more traditional proteomic methods that target cysteine-containing peptides 14, 18 is the use of an alkynylated IA probe in place of more bulky biotinylated reagents, which have shown an impaired ability to label cysteines in native proteins 14 . Alkynylated IA probes, owing to their cell permeability, also afford the opportunity to perform cysteine reactivity profiling in living systems. In pilot experiments, we have found that a large fraction of hyper-reactive cysteines are labelled by the IA probe in living cells ( Supplementary Fig. 16 ). Furthermore, isoTOP-ABPP selectively targets probe-accessible cysteines in native proteins. In this way, structural cysteines engaged in disulphide bonds or buried within the body of a protein are avoided to provide preferential access to a specific fraction of cysteines that are profoundly enriched in functionality (the 
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IA probe labelled 1,082 out of a total of 8,910 cysteines present on the 890 human proteins detected in this study). Projecting forward, it is possible that, by varying the nature of the electrophile, isoTOP-ABPP probes can be created that profile the reactivity of different subsets of cysteines, as well as other amino acids in proteomes, such as serine, threonine, tyrosine and glutamate/aspartate, which have also been shown to react with small-molecule probes 16, 18, [33] [34] [35] .
We discovered that hyper-reactivity can predict cysteine function in both native and designed proteins. The fact that hyper-reactivity was strongly correlated with catalytic activity in de novo designed cysteine hydrolases is interesting from the principles of both enzyme engineering and assay development, as it indicates that heightened cysteine nucleophilicity is a key feature of active catalysts and, accordingly, electrophile reactivity could serve as an effective primary screen for novel cysteine-dependent enzymes. We show that these screens can be performed directly in complex proteomes using either gel or MS (isoTOP-ABPP) detection platforms, thus offering a versatile and relatively high-throughput way to evaluate many protein designs in parallel. The isoTOP-ABPP platform has the additional advantage of reading out the relative cysteine reactivity of designs independent of their expression levels against a 'background' of native, hyper-reactive cysteines for comparison. isoTOP-ABPP might also offer a complementary way to perform cysteine reactivity/accessibility experiments that monitor protein stability and ligand interactions 36, 37 .
The relationship between cysteine reactivity and functionality extends beyond nucleophilic catalysis to include other enzymatic activities (oxidative/reductive), as well as sites of electrophilic and oxidative modification. Quantitative reactivity profiling thus distinguishes itself as a complementary and perhaps more inclusive strategy to survey cysteine function compared to previous computational 9 and experimental [11] [12] [13] [14] 17 methods that focus on specific cysteine-based activities or modification events. Considering further that hyper-reactive cysteines corresponded to sites for glutathionylation 27 , nitrosylation 28 and HNE-modification 25 , we speculate that cysteine nucleophilicity is a property that may have been selected for during evolution to offer points of protein control by oxidative stress pathways. Determining how the reactivity of cysteine residues is honed will require further investigation, but we anticipate that quantitative proteomic data, when integrated with the output of ongoing structural genomics programs, may eventually uncover unifying mechanistic principles that explain cysteine reactivity in proteins. In this regard, it is interesting to note that, although hyper-reactive cysteines did not conform to any obvious consensus sequence motifs, many of these residues were found at the N termini of a-helices ( Supplementary Fig.  17 ). This finding is consistent with literature reports ascribing a role for a-helix dipoles in the stabilization of cysteine thiolate anions 38 .
Finally, it is important to stress that some functional cysteines may be inherently reactive, but inaccessible to our IA probe for steric reasons. Other cysteine-reactive electrophilic probes 16, 17 may prove more suitable for such cysteine residues. Also, hyper-reactivity is not necessarily a defining feature for all functional cysteines. Some enzymes with catalytic cysteines may, for instance, show reduced reactivity until they bind their physiological substrates or may rely more on substrate recognition than inherent catalytic power for function. This may be the case with the E1-activating and E2-conjugating enzymes, which recognize a specific class of ubiquitinated substrates and possess active-site cysteines that showed only moderate levels of electrophile reactivity ( Supplementary Fig. 18 ). Other cysteines may have activities that are not dependent on their nucleophilicity. Our data do indicate, however, that those cysteines that are hyper-reactive in proteomes probably perform important catalytic and/or regulatory functions for their parent proteins. The large number of newly discovered residues that fall into this category foretell a broad role for hyper-reactive cysteines in mammalian biology.
METHODS SUMMARY
Probes and tags. The IA probe and the light and heavy variants of the azide-TEVbiotin tags were synthesized as previously described 20, 39 . Sample preparation, mass spectrometry and data analysis. For concentrationdependent experiments, proteome samples in PBS were probe labelled with the desired probe concentration for 1 h. Click chemistry was performed with either the light or heavy variants of the azide-TEV-biotin tags and the samples were mixed and subjected to streptavidin enrichment and subsequent trypsin and TEV digestion. The resulting TEV digests were analysed by Multidimensional Protein Identification Technology (MudPIT) on an LTQ-Orbitrap instrument. The resulting tandem MS data were searched using the SEQUEST algorithm 40 using . Hydrolysis activities of ECH13 and ECH19 measured as the ratio of velocities in the presence versus the absence of purified enzymes were 71.64 6 6.94 and 104.15 6 10.78, respectively (see Supplementary Fig. 15a for substrate hydrolysis assay). Other designs showed no measurable hydrolysis activity over background (0.76 6 0.058 nmol s 21 ). Asterisks designate Coomassie blue signals for protein designs (lower panel). b, IA labelling is observed for ECH13 and ECH19, but not their active-site cysteine mutants C45A and C161A, respectively. c, Catalytic cysteines in ECH13 and ECH19 show low isoTOP-ABPP ratios (red) compared with other designs (blue). Chromatographs are shown for peptides from the nine designs identified in this experiment (bottom panel), in the same order as shown in the top panel.
RESEARCH ARTICLE
a concatenated target/decoy variant of the human, mouse and E. coli protein sequence databases. Quantification of light:heavy ratios (isoTOP-ABPP ratios, R) was performed using in-house software. Detailed information on sample preparation, mass spectrometry methods and data analysis is presented in Methods. Complementation of S. cerevisiae YHR122W deletion mutant. Complementary DNA encoding wild-type YHR122W was subcloned into the pESC_Leu vector (Stratagene). The YHR122W(C161A) mutant was generated using the Quickchange procedure (Stratagene). These constructs were introduced into a yeast Tet promoter Hughes (yTHC) strain harbouring a conditional (doxycycline-dependent) disruption in the YHR122W gene (Open Biosystems). Growth of these transformed cell lines on 6gal/6dox media was monitored for 3 days. These cell lines were also used to monitor Leu1 and alcohol dehydrogenase (ADH) activity. Detailed information on the protocols used to subclone, transform and monitor the growth of the yeast strains and measure enzyme activity is available in Methods.
METHODS
All compounds and reagents were purchased from Novabiochem, Sigma or Fisher, except where noted. Preparation of mouse proteomes. Mouse tissues (heart and liver) were harvested and immediately flash frozen in liquid nitrogen. The tissues were then Dounce homogenized in 13 PBS, pH 7.4. Centrifugation at 100,000g (45 min) provided soluble fractions (supernatant) and membrane fractions (pellet). Protein concentrations for each proteome were obtained using the Bio-Rad DC protein assay and stored at 280 uC till use. Preparation of human cancer cell line proteomes. MDA-MB-231 cells were grown in L15 media supplemented with 10% fetal bovine serum at 37 uC in a CO 2free incubator. Jurkat cells and MCF7 cells were grown in RPMI-1640 supplemented with 10% fetal bovine serum at 37 uC with 5% CO 2 . For in vitro labelling experiments, cells were grown to 100% confluency, washed three times with PBS and scraped in cold PBS. Cell pellets were isolated by centrifugation at 1,400g for 3 min, and the cell pellets stored at 280 uC until further use. For in situ labelling of MDA-MB-231 and MCF7 cells, the cells were grown to 90% confluency, the media was removed and replaced with fresh media containing 10 mM IA probe. The cells were incubated at 37 uC for 1 h and harvested as detailed above. The harvested cell pellets were lysed by sonication and fractionated by centrifugation (100,000g, 45 min) to yield soluble and membrane proteomes. The proteomes were diluted to 2 mg ml 21 and stored at 280 uC until use. Protein labelling and click chemistry. Proteome samples were diluted to a 2 mg protein/ml solution in PBS. Each sample (2 3 0.5 ml aliquots) was treated with 10, 20, 50, or 100 mM of IA probe using 5 ml of a 1, 2, 5, or 10 mM stock in DMSO. The labelling reactions were incubated at room temperature (25 u C) for 1 h. Click chemistry was performed by the addition of 150 mM of either the light TEV tag or heavy TEV tag (15 ml of a 5 mM stock), 1 mM tris(2-carboxyethyl)phosphine (TCEP; fresh 503 stock in water), 100 mM ligand (173 stock in DMSO:t-butanol 1:4) and 1 mM CuSO 4 (503 stock in water). Samples were allowed to react at room temperature for 1 h. After the click chemistry step, the light-and heavylabelled samples were mixed together and centrifuged (5,900g, 4 min, 4 uC) to pellet the precipitated proteins. The pellets were washed twice in cold MeOH, after which the pellet was solubilized in PBS containing 1.2% SDS via sonication and heating (5 min, 80 uC) .
For time course experiments, proteome samples were labelled with 100 mM of IA probe (using 5 ml of a 10 mM stock in DMSO). After 6 min of probe labelling, an aliquot of the reaction was quenched by passaging the sample through a NAP-5 column (GE Healthcare) to remove excess, unreacted probe. After 60 min of probe labelling, the other sample was quenched as before and click chemistry was performed as described earlier.
Streptavidin enrichment of probe-labelled proteins. The SDS-solubilized, probelabelled proteome samples were diluted with 5 ml of PBS for a final SDS concentration of 0.2%. The solutions were then incubated with 100 ml of streptavidin-agarose beads (Pierce) for 3 h at room temperature. The beads were washed with 10 ml 0.2% SDS/ PBS, 3 3 10 ml PBS and 3 3 10 ml H 2 O and the beads were pelleted by centrifugation (1,300g, 2 min) between washes. On-bead trypsin and TEV digestion. The washed beads described earlier were suspended in 500 ml of 6 M urea/PBS and 10 mM TCEP (from 203 stock in H 2 O) and placed in a 65 uC heat block for 15 min. Twenty millimolar iodoacetamide (from 503 stock in H 2 O) was then added and allowed to react at 37 uC for 30 min. Following reduction and alkylation, the beads were pelleted by centrifugation (1,300g, 2 min) and resuspended in 200 ml of 2 M urea/PBS, 1 mM CaCl 2 (1003 stock in H 2 O), and trypsin (2 mg). The digestion was allowed to proceed overnight at 37 uC. The digest was separated from the beads using a Micro Bio-Spin column and the beads were then washed with 3 3 500 ml PBS, 3 3 500 ml H 2 O, and 1 3 150 ml of TEV digest buffer. The washed beads were then resuspended in 150 ml of TEV digest buffer with AcTEV Protease (Invitrogen, 5 ml) for 12 h at 29 uC. The eluted peptides were separated from the beads using a Micro Bio-Spin column and the beads washed with H 2 O (2 3 75 ml). Formic acid (15 ml) was added to the sample, which was stored at 220 uC until MS analysis. Liquid-chromatography-mass-spectrometry (LC-MS) analysis. LC-MS/MS analysis was performed on an LTQ-Orbitrap mass spectrometer (ThermoFisher) coupled to an Agilent 1100 series high-performance liquid chromatography system. TEV digests were pressure loaded onto a 250 mm fused silica desalting column packed with 4 cm of Aqua C18 reverse phase resin (Phenomenex). The peptides were then eluted onto a biphasic column (100 mm fused silica with a 5 mm tip, packed with 10 cm C18 and 3 cm Partisphere strong cation exchange resin (SCX, Whatman) using a gradient 5-100% buffer B in buffer A (buffer A: 95% water, 5% acetonitrile, 0.1% formic acid; buffer B: 20% water, 80% acetonitrile, 0.1% formic acid). The peptides were then eluted from the SCX onto the C18 resin and into the mass spectrometer using four salt steps as previously described 15, 20 . The flow rate through the column was set to ,0.25 ml min 21 and the spray voltage was set to 2.75 kV. One full MS scan (FTMS) (400-1,800 MW) was followed by 18 data dependent scans (ITMS) of the nth most intense ions with dynamic exclusion disabled. Peptide identification. The tandem MS data were searched using the SEQUEST algorithm 40 using a concatenated target/decoy variant of the human and mouse International Protein Index databases. A static modification of 157.02146 on cysteine was specified to account for iodoacetamide alkylation and differential modifications of 1464.28596 (light probe modification) and 1470.29977 (heavy probe modification) were specified on cysteine to account for probe modifications with the either light or heavy variants of the IA-probe-TEV adduct. SEQUEST output files were filtered using DTASelect 2.0 42 . Reported peptides were required to be fully tryptic and contain the desired probe modification and discriminant analyses were performed to achieve a peptide false-positive rate below 5%. The actual false-positive rate was assessed at this stage according to established guidelines 43 and found to be ,3.5%. Additional assessments of the false-positive rate were performed following the application of additional filters (described later) resulting in a final false-positive rate below 0.05%. Ratio quantification. Quantification of light/heavy ratios (isoTOP-ABPP ratios, R) was performed using in-house software written in the R programming language that utilizes routines from the open-source XCMS package 44 for MS data analysis to read in raw chromatographic data in the mzXML format 45 . Each experiment consisted of two LC/LC-MS/MS runs: light:heavy 10 mM:10 mM, and light:heavy 100 mM:10 mM IA-probe concentration. Both runs were searched using SEQUEST and filtered with DTASelect as described earlier. Because the mass spectrometer was configured for data-dependant fragmentation, peptides are not always identified in every run. As such, peptides were identified in either 1) only the 10 mM:10 mM run, 2) only the 100 mM:10 mM run, or 3) both runs. In the case of peptides that were sequenced in both runs, identification of the corresponding peaks was made by choosing peaks that co-elute with the peptide identification. In the case of probe-modified peptides that were sequenced in one, but not the other run, an algorithm was developed to identify the corresponding peak in the run without the SEQUEST identification. To accomplish this, the retention time of the 'reference' peptide is used to position a retention time window (6 10 min) across the run lacking a peptide identification. Extracted ion chromatograms (6 10 p.p.m.) of the target peptide m/z with both 'light' and 'heavy' modifications are generated within that window. The program then searches for candidate co-eluting pairs of light:heavy MS1 peaks, and for each candidate pair calculates the ratio of integrated peak area between the light and heavy peaks. Several filters are used to ensure that the correct peak pair is identified. First, the extent of co-elution for each peak pair is quantified using a Pearson correlation, an established method to gauge elution profile similarity 46 . Second, the predicted pattern of the isotopic envelope of the target peptide is generated and compared to the observed high-resolution MS1 spectrum. This comparison generates an 'envelope correlation score' (Env) that also enables confirmation of the monoisotopic mass and charge state of each candidate peak. Peak pairs that have poor co-elution scores, or that have the incorrect monoisotopic mass or charge, or whose isotopic envelopes are not well correlated with the predicted envelope are eliminated from consideration. After application of these filters, in the rare case that multiple candidates still exist, then no peak is chosen and a ratio is not recorded. Usually, however, application of these filters results in a single candidate peak pair and the ratio for this peak pair is recorded for the peptide in the corresponding run. In this way, each experiment yields two ratios, one for the 10 mM:10 mM run and one for the 100 mM:10 mM run. Following application of these filters, the false-positive rate was reassessed, and found to be less than 0.05% in all cases.
After ratios for unique peptide entries are calculated for each experiment, overlapping peptides with the same labelled cysteine (for example, same local sequence around the labelled cysteines but different charge states, MudPIT segment numbers, or tryptic termini) are grouped together, and the median ratio from each group is reported as the final ratio (R). All of these values can be found in Supplementary Tables 1, 2 and 3 and representative chromatographs can be seen in Supplementary Table 7 . Raw result files of peptide identification using SEQUEST can be found in Supplementary Table 9 . Functional annotation of labelled cysteines. For automated functional analyses, custom perl-scripts were developed to query the UniProtKB/Swiss-Prot Protein Knowledgebase release 57.4 (current as of 16 June 2009). Sequence annotation in the (Features) section of the relevant UniProt entry was mined and any annotation corresponding to the labelled residue was collected. This functional annotation in its entirety can be found in Supplementary Tables 4 and 5 . Recombinant PRMT1 protein expression and purification. Full-length cDNA encoding human PRMT1 in pOTB7 was purchased from Open BioSystems and subcloned into pET-45b(1) (Novagen). BL21(DE3) E. coli containing this vector was grown in LB media containing 75 mg l 21 carbenicillin with shaking at 37 uC RESEARCH ARTICLE
